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The optical conductivity of ferromagnetic Fe was calculated with an interpolation scheme fit to
first-principles energy bands for paramagnetic Fe with a constant exchange splitting. Most of the
contributions to the conductivity originate in the minority-spin bands, making the rigid splitting a
valid assumption. The inclusion of electric&ipole matrix elements is essential for obtaining agree-
ment with experiment. The locations of the transitions in the band structure were found by plot-
ting contributions from differential volumes throughout the irreducible wedge of the Brillouin
zone, including dipole matrix elements. The strong transitions around 2.5 eV occur between Sat
bands in large regions of the zone, regions not associated with symmetry points, lines, or planes.
The transitions near 6 eV originate in a smaller volume of k space near a symmetry line, associat-
ed with an interband critical point.
I. INTRODUCTION
Reliable measurements of the optical properties of
iron have been made over the past decade or so. The
dielectric function consists of a free-electron contribu-
tion, the Drude term, and a contribution from interband
excitations of electrons. Since the latter contribute, in
principle, down to zero photon energy, and in practice
to energies of about 0.05 eV, ' it has not been practical to
efFect a separation of the two terms. Early attempts
to interpret the optical properties, i.e., assign particular
interband transitions to each structure, necessarily used
early calculations of the electronic structure of Fe, de-
picted as energy bands along symmetry lines and a den-
sity of states, both in two plots, one for electrons of each
spin. The conclusion reached by various authors
disagreed. This was natural, because the bands they
used were not identical, dipole matrix elements were not
used, for they were not available, and spin flips were
sometimes considered and sometimes not. In particular,
the imaginary part ez of the dielectric function, or the
real part a, of the conductivity, for Fe has only two
structures, one near 2.5 eV and one near 6 eV. Con-
sideration of only the band structure along symmetry
lines shows that six possible transitions are allowed by
group theory which can contribute to the 2.5-eV struc-
ture. They lie along the lines 3, A, I', D, X, and 6, and
all may have a reasonably large joint density of states.
They may differ significantly in the latter, however, and
in the magnitude of' the electric-dipole matrix elements.
Earlier band. -structure calculations gave only energy
eigenvalues. Later calculations gave eigenfunctions as
weB. Some authors calculated electric-dipole matrix ele-
ments from their eigenfunctions, 6 and made assignments
of the transitions on this basis, using various techniques
for identifyinwF the band pairs or region of the Brillouin
zone. Others used an interpolation scheme to obtain di-
pole matrix elements.
The work on Fe reported in this paper makes use of a
combined interpolation scheme ' adapted to the bcc
crystal structure. ' The scheme gives a good representa-
tion of the energy bands throughout the Brillouin zone.
Moreover, dipole matrix elements can be calculated from
the band structure as derivatives with respect to wave
vectors of matrix elements of the Hamiltonian. These
dipole matrix elements have been tested for Cu and
found to be of acceptable accuracy for the identification
of transitions both in dielectric functions and in angle-
resolved photoemission. The results of this application
of the interpolation scheme to Fe were used to calculate
the interband contribution to the optical conductivity,
0I, for ferromagnetic Fe and to search the Brillouin
zone for the origin of the structure in it.
II. CALCUI. ATIGNS
A. Ferromagnetic bands
The interpolation scheme uses 5ve d-type tight-
binding wave functions and eight symmetry-adapted
plane waves to represent the d and s-p electrons, respec-
tively, in the bcc lattice. The 15 parameters are deter-
mined by diagonalizing the Hamiltonian matrix at
several symmetry points and 6tting the resultant energy
eigenvalues to the results of an actual band calculation
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in a least-squares sense. ' This was done 6rst using 22
eigenvalues from the band structure for paramagnetic Fe
due to %'ood." This band structure, however, is for
paramagnetic Fe. In simulating the effects of exchange
splitting in ferromagnetic Fe we have used the work of
Callaway and Wang (CW}.
The twa sets of bands are nat rigidly split. The ex-
change splitting is clearly-k dependent and band depen-
dent. However, as we shall see, most of the spectral
features arise from only parts of the band structure, and
if the correct regions of k space and bands are well ap-
proximated, the calculated conductivity will be insensi-
tive to errors in other regions of k space and higher or
lower bands. %e approximated Callaway and %ang's
bands for ferromagnetic Fe by using a rigidly split pair
of bands fit by the interpolation scheme to Wood's bands
for paramagnetic Fe. The splitting used was 2.2 eV,
which corresponds to the exchange splitting of the 3d
bands at the point I' in the BriBouin zone. This splitting
does not play an important role in our results, for the
majority bands contribute so little to the conductivity,
and spin-flip transitions are not important. The largest
errors will arise from differences between the paramag-
netic bands of Wood and the minority bands of Callaway
and %ang, the latter being taken as optimum. A com-
parison of the energies of some gaps is given in Table I,
from which one can see that at higher-energy gaps our
approximation with %ood's band probably will place ob-
served structures at an energy that is too high by about
0.5 eV. To improve the St to CW's bands, the Fermi
level was placed at the same point in the minority-spin
band as is C%'s. This does not give the correct electron
count, but it does not affect o
&
in the 1-6-eV region, be-
cause little oscillator strength is derived in this spectral
region from transitions that begin or end on the Fermi
surface.
8. Qptical conductivity
The optical conductivity was calculated from
o, =(e~/em'a))g Jd'k
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FIG. 1. Square of the interband momentum matrix element
along several symmetry lines in the Brillouin zone for Fe for
several band pairs.
p=(rn /fi}BH(k)/Bk . (2)
This works well for Cu (Ref. 9} and for other metals
(Ref. 12). The frequent assumption of constant dipole
matrix elements is poor, and this is demonstrated rather
forcefully in Fig. 1, which shows the calculated wave-
vector dependence of
~ p&, ~ for several band pairs.
The integral of Eq. (1) was evaluated using a histo-
gram method which samples 1365 points on a grid in an
irreducible wedge which comprises —„thof the Brillouin
zone. The results, convolved with a Gaussian of 15 mRy
full width at half maximum (FWHM), are shown in Fig.
2, along with the calculated 0, of Laurent et al. 6 The
keeping the initial state below the Fermi level and the
6nal state above. The dipole matrix elements were ob-
tained fram the interpolation scheme by making use af
the identity
40T0 4
TABLE I. Comparison of band gaps.
Transition
I z5 I lz
N2 ~Xq
P4~P3
Nl ~Nl
012
C%'s minority
band (eV)
1.63
3.13
3.54
4.20
5.30
%'ood's paramagnetic
bands (eV)
1.62
3.50
3.33
5.00
6.10
ENERGY {qQ)
FIG. 2. Calculated interband conductivity from this cwork
(solid line) and that of Laurent et aI. (Ref. 6} (dashed line).
The dot-dashed line is the experimental result of Johnson and
Christy (Ref. 13). It includes the free-electron contribution.
The spectrum of Ref. 6 is unbroadened while ours has been
broadened by convolution with a Lorentzian of 0.2 eV F%'HM.
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FIG. 3. Contributions to the interband conductivity of Fe
from the minority- (solid line) and majority-spin (dashed line)
bands.
results from the interpolation scheme are in rather good
agreement with the calculation of Ref. 6 and with exper-
imental data, ' which are also shown in Fig. 2. We will
discuss most of the differences after the origins of the
structures have been identified. The di8erences below
1.1 eV arise from errors in the placement of the Fermi
level and from details of the band dispersions, for low-
energy transitions are relatively more sensitive to errors.
That we do not obtain the two sharp peaks obtained in
Ref. 6 is probably due to errors in the use of the interpo-
lation scheme. Nautiyal and Auluck do not find peaks
in this spectral region, but they do report shoulders at
0.5 and 1.1 eV.
Figure 3 shows the contributions of the majority- and
minority-spin bands. These Sgures demonstrate that di-
pole matrix elements are necessary to obtain a physically
meaningful calculated spectrum and that the minority-
spin bands dominate the optical spectra below about 5
eV. The spectral feature(s) peaking at 6 eV arise(s)
equally from majority- and minority-spin bands. Figure
4 shows the effect of omitting the dipole matrix elements
from the calculation. The structure at 6 eV occurs pri-
marily because of the very large matrix elements, not a
large joint density of states, and the large peak in the
joint density of states at about 1.5 eV does not produce a
conductivity peak because of small matrix elements.
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The origins of spectral features were determined in the
following way. The integral for the conductivity was
evaluated for transitions only within an energy window
centered on the structure of interest and only for one
band pair at a time. The irreducible wedge of the Bril-
louin zone was divided into 17 slices, as shown in Fig. 5.
Each slice had a grid superimposed on it. The grid
crossings mark the points sampled. The contribution to
0
&
from each square on the grid was calculated, using
the dipole matrix element from the center point and the
number of states contributing within the energy window.
The contribution was given a weight of I, 2, or 3, with 3
representing the largest. These are plotted in Fig. 5 as
no dot, a small dot, or a large dot, respectively. From
this plot, one can visualize the parts of k space responsi-
ble for the transition, for the band pairs are already
known. Then, if the major contribution is not along a
symmetry line, for which the bands have been plotted,
one can plot bands along vectors in k space that are
more suitable for showing the transitions. These lines
i I
ENERQY {eV)
FIG. 4. Calculated interband conductivity without (sobd
line) and with (dashed line) electric-dipole matrix elements.
FIG. 5. Origin of the interband transitions near 2.6 eV in
Fe. The cross sections of the irreducible wedge show the rela-
tive local contributions of o.
&
in the energy interval shown in
the upper right corner from each small volume in the wedge.
Increasing dot size represents an increasing contribution. (b)
shows the band structure along the lines marked in (a). The
line from P to the I"-H-N plane plotted in the lower right does
not represent a straight line in the view of the irreducible
wedge shown at the left. It starts at P and follows the region
of greatest interband contributions, going through the region of
larger dots in the left-hand view. It is not orthogonal to the
other two lines. Allowed transitions in the 2.4-2.9-eV region.
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FIG. 6. Origin of the interband transitions near 6 eV in Fe.
The cross sections of the irreducible ~edge show the relative
local contributions to o& in the energy interval shown in the
upper right corner from each small volume in the wedge. In-
creasing dot size represents an increasing contribution. (b)
shows the band structure along the lines marked in (a). The
line from P to the I"-0-N plan plotted in the louver right does
not represent a straight line in the irreducible wedge shown at
the left. It starts at P and follows the line of greatest interband
transitions. It is not orthogonal to the other two lines. The ar-
rows indicate a critical-point transition.
are shown on the grid in Fig. 5, and the corresponding
plots of the bands is also shown. Similar plots for the
structure at 6 eV are shown in Fig. 6. These plots are
discussed immediately below.
III. DISCUSSION
Figure 5 shows the origins of all interband transitions
in the 2.4-2.9-eV region, contributing to the peak in o &
at 2.6 eV. They originate in a column of irregular cross
section rising normally from near the center of the I-8-S plane in the irreducible wedge, and continuing al-
most to the P point. Little strength arises from states on
symmetry lines or points. One would guess that these
are transitions between bands or band pairs which are
very Bat throughout much of the Brillouin zone, and this
proves to be correct. Figure 5 also shows a plot of the
band structure along three mutually orthogonal lines in
k space passing through this region, including a line
from P to the I -H-N plane below it. There are two
pairs of bands straddling the Fermi level with separa-
tions in the 2.4-2.9-eV range.
The identifications of the peak in cr, made previously
tended to be to transitions along symmetry lines, e.g.,
along X and D. These lines do not contribute much
strength to the conductivity, but the fiat bands identi6ed
along these lines are the same bands that do contribute
dominantly in other parts of the Brillouin zone. Nauti-
yal and Auluck attribute these transitions to regions of
the Brillouin zone near N and P, and along h. We find
that regions near N and P do contribute (Fig. 5), but not
the region near the 5 line.
Figure 6 shows the origin of the conductivity peak
near 6 eV. The important contributions come from a
small volume about halfway along the 6 line between I
and H. Interband critical points can be identi6ed by lo-
cating extrema along the three lines in k space, then ex-
amining the band separations in two orthogonal direc-
tions through those points. In this way an interband
critical point, shown by arrows in Fig. 6, has been found
within the wedge, corresponding to 48 critical points
within the full Brillouin zone. Another one, not shown,
was found on the 6 line, giving only six critical points
within the full zone. The former critical point is nearly
a two-dimensional Mo (gap minimum) critical point.
Each of these critical points occurs twice, once in the
majority bands and once in the minority bands. The di-
pole matrix elements are very large.
Colavita et al. reported that it was diScult to identi-
fy the origin of a peak they found in this spectra region
in their electron energy-loss measurements. They tenta-
tively attributed it to transitions along the line F, a re-
gion not very close to that shown in Fig. 6. Nautiyal
and Auluck attribute this peak (at 5.1 eV) to transitions
near H and N, different from our assignment. This peak
has been observed in the optical measurements of
Moravec et al. '
The peak at 1 eV in the cr, spectrum calculated by
Laurent et al. is difficult to verify in measurements.
The Drude term is large at this energy. %eaver et al.
assayed a separation, and a broad shoulder in the inter-
band e, was found around 1 eV. Moreover, their ther-
momodulation measurements showed a de6nite inter-
band structure at 0.8 eV. They assigned it to parallel
band transitions along the b line. As we have seen
above and as mentioned by Weaver et a/. , it is possible
that flat bands near 5 contribute more than just the
states along the lines. The definitive assignment of this
structure must await more-accurate band calculations,
for errors in the eigenvalues are magnified in taking
differences.
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